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Abstract
The role of caveolin and caveolae in the pathogenesis of infection has only recently been
appreciated. In this chapter, we have highlighted some important new data on the role of caveolin
in infections due to bacteria, viruses and fungi but with particular emphasis on the protozoan
parasites Leishmania spp., Trypanosoma cruzi and Toxoplasma gondii. This is a continuing area
of research and the final chapter has not been written on this topic.

INTRODUCTION
The first steps in the initiation of an infection are the attachment and entry of a pathogen into
a host cell. It has long been assumed that an understanding of these initial events may result
in new methods for control and treatment of infections. A role for caveolae and caveolin
©2012 Landes Bioscience and Springer Science+Business Media.
*
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proteins in these processes has only recently been investigated. In this chapter, it is not our
intent to review all of microbiology and describe how each and every micro-organism
interacts with caveolae and caveolin proteins, but rather to focus our attention on some
recent important new developments. Pathogens enter mammalian cells to escape the immune
system of the host and/or as part of their requirement to maintain a replicative cycle. In the
past several years, this topic has been reviewed by others.1–5 These articles highlighted the
role of caveolae and caveolin proteins, such as caveolin-1 (Cav-1) and lipid rafts in the entry
of diverse pathogens into the host cell. As discussed in detail in other chapters in this book,
Cav-1 is a critical structural protein in the formation of the flask shaped caveolae lining the
plasma membrane. In addition, the role of caveolins in the pathogenesis of infection may be
related to an effect on components of the immune system such as lymphocytes and
macrophages.6,7

VIRUSES
Caveolae are enriched in cholesterol and glycolipids, such as the glycosphingolipid GM1,
glycosylphosphatidylinositol-anchored proteins and caveolin. Caveolae–mediated viral entry
into human cell lines has been described and viruses that enter cells via caveolae apparently
act as signaling ligands, triggering signal transduction events and actin rearrangement in the
host cell, resulting in pathogen uptake (Table 1).8,9

Author Manuscript

The mechanisms by which a virus gains entry via caveolae are still not completely
understood. The SV40 virus may bind to the MHC Class I complex, which recruits Cav-1 to
the site of viral attachment from preformed caveolae and the associated lipid rafts are then
formed around the virus. Alternatively, the SV40 virus bound to MHC may be associated
with preformed caveolae. Regardless of the precise mechanism, SV40 containing caveolae
pinch off from the plasma membrane and are transported to the endoplasmic reticulum via a
caveosome.8 Polyoma virus, Echovirus, Respiratory Syncitial Virus (RSV) and the
filoviruses (Ebola and Marburg viruses) are additional examples of viruses that are
associated with Cav-1. The effects of lipid raft disrupting agents on Ebola infection indicate
that membrane lipid rafts are important in the entry of filoviruses.1

Author Manuscript

The HIV-1 receptors are associated with lipid rafts in T-cells and the disruption of the
integrity of these lipid rafts likely inhibits HIV infection. The blood brain barrier (BBB)
integrity is maintained by tight junctions,10,11 and an intact BBB is crucial for preventing
the trafficking of HIV into the brain. Early in the course of HIV infection, virus crosses the
BBB via HIV-1 infected monocytes in macrophages and microglial cells in the brain.
During the subsequent inflammatory response, leukocytes enter into the central nervous
system through breaches in the BBB. Weiss et al 12 demonstrated that HIV-1-Tat protein is a
powerful pro-inflammatory agent that causes transendothelial cell migration of monocytes.
Recently, Zhong et al13 demonstrated that Tat-mediated activation of Ras signaling is
regulated by Cav-1 in brain endothelial cells and that inhibition of Cav-1 and Ras signaling
attenuates Tat-induced disruption of the tight junction proteins.
Papillomaviruses (PVs) infect the mucosal and cutaneous stratified squamous epithelia.
These infections are associated with both benign and malignant neoplasias and the human
papillomaviruses (HPVs) cause virtually all cases of cervical cancer.14 The 8 kb, circular
viral genome is encapsulated by a complex of L1 (major) and L2 (minor) structural
proteins.15 Upon binding to heparan sulfate proteoglycans, the PV capsid undergoes a series
of conformational changes resulting in the N-terminus of L2 becoming sensitive to cleavage
by furin.16 Arecent study suggested that these conformational changes may occur on the
extracellular matrix prior to transfer to the cell.17 Earlier work employed chemical inhibitors
and/or microscopic localization to suggest that HPV16, HPV33, HPV58 and Bovine PV1
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(BPV1) use a clathrin-dependent pathway, whereas similar studies suggest the use of a
caveolae-dependent pathway for HPV31.18–22 However, more recent work suggests that
HPV31 may also use a clathrin-dependent pathway.20 Other authors have suggested that
PVs can enter cells independent of either pathway.23
The lack of in vitro culture methods for the production of infectious virus has limited the
study of PV entry. Most studies have used viral-like particles (VLPs) produced in insect
cells or pseudovirions in which the L1/L2 capsid carries a reporter gene. It is possible that
the use of these laboratory-made particles and nontarget cell lines could explain the
observed differences between entry mechanisms. For example, it has been demonstrated that
HPV16 enters dendritic cells and Langerhans cells via distinct pathways.24

Author Manuscript
Author Manuscript

The observations that a simian virus, JC virus (a polyoma virus), enters cells via clathrinmediated endocytosis before being shuttled to caveolae-derived vesicles25 led to the
identification of a similar pathway for HPV16 and BPV1.26,27 Based on recent studies,
HPV16 virions first colocalize with markers of early endosomes; then, beginning at around
20 minutes post-entry, increasing amounts of the virons colocalize with Cav-1. Four hours
post-entry the HPV16 virions are present in the endoplasmic reticulum. These observations
strongly suggest that HPV16 and BPV1 enter the host cell via a clathrin-dependent pathway,
after which they get shuttled from endosomes to caveolae. Conversely, HPV31 enters cells
through the caveolar pathway followed by Rab5-dependent shuttling towards endosomes.28
Since Rab5 controls the transport from endosomes to caveosomes and vice-versa, it is
tempting to speculate that both HPV16 and HPV31 could shuttle back and forth between the
caveolar and endosomal pathways following entry. This hypothesis is supported by the
ultrastructural observation that both HPV16 and HPV31 end up in similar looking
vesicles.18 However, studies in which cells have been co-infected with HPV16 and HPV31
have not shown colocalization of both viral types.23 It is possible that the differences in
entry half-time (4 hours for HPV16 vs 14 hours for HPV31) could explain these
observations. Thus, it appears that HPV31 has evolved to (predominantly) enter cells
through a uniquely different pathway from the other tested PV types. This is surprising since
HPV16 and HPV31 are evolutionary more closely related to each other than HPV16 is to
HPV58 or BPV1 (HPV16 and HPV31 share approximately 83% amino acid similarity
(PAM250 matrix) across the L1 structural protein). One hypothesis is that these two highly
related viruses evolved to use different entry mechanisms to avoid competition. However,
the much higher prevalence of HPV16 may suggest otherwise. One key observation is that it
appears that the HPV16-E5 protein up-regulates Cav-1 at the plasma-membrane of cervical
cells. Taken together, these findings suggest that caveolin proteins might play a role in PV
entry, but it will be necessary to sort out discrepant results and intertype differences in order
to adequately assess their role.

BACTERIA
There is limited information regarding the role of caveolins in bacterial infection. However,
early studies suggested that caveolae may be an important alternative pathway for
endocytosis of bacteria.1,2,4,5 Chemical agents have been used to study the function of
caveolae including nystatin, filipin and methyl-β-cyclodextrin (MβCD). These agents
disrupt the cholesterol enriched lipid rafts. Many pathogens require lipid rafts for entry and
colocalize with markers of caveolae to invade host cells. However, only a small number of
bacterial pathogens have actually been shown to require caveolin expression for host cell
entry.

Escherichia coli is an important cause of human infection including those of the urinary and
gastrointestinal tracts. Studies involving E. coli invasion into mast and bladder epithelial
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cells have revealed that caveolae-dependent endocytosis is a mechanism for bacteria to
invade both phagocytic and nonphagocytic cells. Importantly, intracellular bacteria can
colocalize with Cav-1 and compounds that cause disruption of caveolae by removing
membrane cholesterol inhibited bacterial invasion. E. coli uptake and invasion is dependent
on the organization of lipid rafts and Cav-1 expression.29 Furthermore, Campylobacter
jejuni, is an important cause of diarrhea world-wide whose invasion of intestinal epithelial
cells is dependent on Cav-1 expression.30
In an intraperitoneal model of sepsis using lipopolysaccharide injection, Cav-1 null mice
were observed to be resistant to lung injury and their mortality was reduced due to a
reduction in inflammation.31 However, in a Cav-1 null mouse model of Salmonella
typhimirium, an important cause of human diarrhea and systemic illness, Medina etal32
found that higher levels of proinflammatory cytokines, chemokines and nitric oxide
accompanied increased bacterial burden in the spleen. Surprisingly, no differences in S.
typhimurium invasion of macrophages between Cav-1 null or wild type macrophages were
observed.

Author Manuscript

Infections with Pseudomonas aeruginosa are observed most commonly in hospitalized
immunocompromised individuals, resulting in urinary tract infections, pneumonia and
sepsis. This is especially true of those individuals on mechanical ventilation and those
suffering from severe burns. Also, over 80% of individuals with the genetic disorder Cystic
fibrosis (CF) have pulmonary infection with P. aeruginosa.33 Individuals with CF have a
defect in the transmembrane conductance regulator (CFTR).34,35 In normal individuals,
infection with this bacteria stimulates the formation of lipid rafts that contain the CFTR thus
allowing the organism to invade the respiratory epithelium and initiate inflammatory and
apoptotic processes leading to shedding of bacteria-containing epithelial cells.35–37
However, in CF patients these responses are absent and P. aeruginosa becomes established
as a chronic infection.38 Mechanistically, knockdown of either Cav-1, which also eliminates
Cav-2, or Cav-2 alone reduces the uptake of P. aeruginosa into rat bronchial epithelial
cells.39 Importantly, Bajmoczi et al40 demonstrated that following entry into host cells, P.
aeruginosa colocalizes with Cav-1 and CFTR. More recently, increased mortality, bacterial
burden and inflammation was demonstrated in Cav-1 KO compared with wild type mice,
which correlated with a decreased ability of Cav-1-deficient neutrophils to phagocytose P.
aeruginosa. Additionally, the colonization of P. aeruginosa was more efficient in Cav-1 KO
mice. Taken together, these preclinical observations strongly suggest that Cav-1 contributes
to innate immunity to P. aeruginosa infection, which may have clinical implications for
human CF patients.41

Author Manuscript

PROTOZOAN PARASITES
Leishmania
Depending on the species, infection with members of the genus Leishmania may result in
cutaneous, mucocutaneous, or visceral leishmaniasis. These diseases are found wide-spread
in tropical and sub-tropical areas of the world and are major causes of morbidity and
mortality. Additionally, leishmaniasis is an opportunistic infection in patients with HIV/
AIDS.42

Leishmania spp. have a life cycle consisting of two stages, the promastigote and the
amastigote. The extracellular promastigote develops in the gut of the sand fly vector until it
becomes a fully virulent metacyclic promastigote. Metacyclogenesis is a process during
which surface molecules associated with virulence, such as lipophosphoglycan (LPG) and
MSP (called GP63), are modulated in their expression and/or posttranslational
modifications.43–45 Attainment of full promastigote virulence coincides with the feeding
Adv Exp Med Biol. Author manuscript; available in PMC 2013 February 05.
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cycle of the insect vector.43–45 During a blood meal, the sand fly inoculates the parasite in
the skin whereupon it is phagocytosed first by neutrophils and then by macrophages, the
ultimate host cell.46 Inside the macrophage, parasites transform from promastigotes to
amastigotes over two to five days. Thereafter, amastigotes are the only form found in the
mammalian host. Amastigote replication leads to the release of amastigotes from infected
macrophages; amastigotes in turn are taken up by non-infected macrophages, thus spreading
the infection.47,48

Author Manuscript

Leishmania enter macrophage phagosomes that ultimately fuse with lysosomes. The survival
of Leishmania spp. in this hostile intracellular environment has been primarily attributed to
the capacity of amastigotes to withstand the phagolysosomal compartment and to the ability
of the parasite to down-modulate macrophage activation.49–54 Accumulating evidence
demonstrates that different external stimuli induce distinctive types of macrophage
activation with divergent pro and/or anti-inflammatory profiles.55–57 L. infantum chagasi is
a cause of visceral leishmaniasis. Infection of BALB/c mouse macrophages with L. i chagasi
promastigotes initiates a pattern of gene expression that is neither classically activated nor
alternatively activated, but which demonstrates a novel type of macrophage activation
characterized by an anti-inflammatory profile and an increase in the caveolae-related
molecules dynamin-2, Cav-1 and Cav-3.58 This increase in caveolae components upon L. i.
chagasi infection suggests the presence of a feedback mechanism that may be triggered by
the depletion of surface caveolae upon parasite uptake.
Employing confocal microscopy, virulent L. i. chagasi promastigotes were found to
colocalize with the caveolae markers GM1 and Cav-1 both during entry and up to 24 hours
after murine macrophage infection (Fig. 1). Entry of promastigotes via Cav-1 correlated
with a delay in lysosome fusion of approximately 24 to 48 hours; a time coinciding with
their promastigote-to-amastigote conversion.48,59 Colocalization of promastigotes with
Cav-1 also correlated with increased parasite survival. In contrast, serum opsonization of
attenuated (avirulent) L. i. chagasi promastigotes precluded parasites to enter macrophages
through lipid rafts/caveolae. Unlike virulent L. i. chagasi, avirulent parasites entered
compartments that fused early with lysosomes usually within the initial three hours of
infection and failed to survive in macrophages.
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Because caveolae are enriched in cholesterol, transient treatment of macrophages with the
cholesterol chelating agent MβCD was used to investigate the role of lipid rafts/caveolae in
Leishmania infection. MβCD treatment does not affect macrophage viability if the cell
membrane cholesterol is extracted while preserving the intracellular cholesterol pools.59–61
Under these conditions, pretreatment with MβCD significantly impaired parasite entry and
inhibited replication for up to 72 hours after phagocytosis, even though surface cholesterol
was restored by 4 hours after treatment. Furthermore, macrophage pretreatment with MβCD
accelerated the rate of lysosome fusion and led to rapid intracellular killing. Side by side
comparisons showed that transient disruption of lipid rafts/caveolae caused virulent
metacyclic L. i. chagasi to enter macrophages through a phagocytic pathway, leading to
early lysosome fusion and intracellular death, resembling the entry of attenuated parasites.59
Surface LPG and MSP on metacyclic promastigotes are able to bind and inactivate the
serum protein C3b to C3bi, facilitating parasite uptake through the macrophage receptor
CR3, which localizes in caveolae.62–65 A comparison of the receptors used by avirulent log
phase versus virulent metacyclic L. i. chagasi in human macrophages demonstrated that
metacyclic parasites preferentially enter through CR3 but not the mannose receptor and that
the metacyclic parasites colocalize with Cav-1 during the initial hour of infection. In
contrast, log-phase parasites ligated both the mannose receptor and CR3 and failed to
colocalize with Cav-1. The ability of metacyclic, but not log phase promastigotes to
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associate with CR3 and Cav-1 also correlated with a slower kinetics of lysosome fusion and
increased parasite survival.66
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The amastigote form of the parasite expresses low levels of MSP and no LPG; the latter of
which inhibits lysosome fusion with promastigotes. Amastigotes can survive in the
phagolysosomes and it has been suggested that the unique nutritional requirements of the
amastigote can only be met in this degradative compartment.67–69 As such, amastigotes
might not benefit from entering macrophages through a cholesterol-rich/caveolae uptake
mechanism that delays lysosome fusion. Indeed, side by side experiments with metacyclic
promastigotes and hamster-derived amastigotes of L. i. chagasi supported this hypothesis.
Transient depletion of cholesterol from BALB/c mouse macrophages did not affect the entry
of amastigotes or their kinetics of lysosome fusion (submitted manuscript, Rodriguez, Gaur,
Allen and Wilson), suggesting that the entry and survival of amastigotes is independent of
cholesterol-rich microdomains including caveolae. Taken together, these results suggest that
virulent, but not attenuated or log phase promastigotes, are able to exploit a caveolaemediated pathway to facilitate their entry and intracellular survival by a mechanism that
includes delayed lysosome fusion until their conversion into amastigotes and the
establishment of infection.
Trypanosoma cruzi

Author Manuscript

Trypanosoma cruzi causes Chagas’ disease. It is an important cause of acute myocarditis,
chronic cardiomyopathy and gastrointestinal disorders in endemic areas.70 Chagas’ disease
is found in endemic areas of Mexico, Central and South America. In recent years, there has
been an increased recognition of Chagas’ disease among immigrants from endemic areas
into North America and Europe. Chagas’ disease is also an opportunistic infection in
patients with HIV/AIDS.71–73
The parasite has a complex life cycle. During a blood meal from an infected mammalian
host, the insect vector ingests blood-form trypomastigotes, which undergo transformations
and after 3 to 4 weeks, infective, nondividing metacyclic trypomastigotes are present in the
hindgut of the vector and are deposited with the feces of the vector during subsequent blood
meals. Transmission to the new host occurs when the parasite-laden feces contaminate oral
or nasal mucous membranes, the conjunctivas, or other vulnerable surfaces. Other modes of
transmission include blood transfusion, organ donation, congenital, breast milk, ingestion of
contaminated food or drink and laboratory accident.

Author Manuscript

When the trypomastigotes enter a host cell they transform into amastigotes where they
multiply by binary fission and again transform to trypomastigotes. Trypomastigotes are
released as the host cell ruptures and disseminate through the lymphatics and the
bloodstream to find new cells to invade. The precise mechanism(s) by which the parasite
enters the host cell is not entirely understood, however several receptors have been
implicated in this process. Although any nucleated mammalian cell can be parasitized, those
of the cardiovascular system, including cardiac myocytes, cardiac fibroblasts, endothelial
cells and vascular smooth muscle cells, as well as cells of the reticuloendothelial, nervous
and muscle systems and adipose tissue, appear to be favored.

T. cruzi infection is characterized by an intense inflammatory reaction accompanied by an
upregulation of cytokines and chemokines.73,74 Pathological examination of the
cardiovascular system in both human samples and experimental acute chagasic myocarditis
reveals inflammation, myonecrosis, vasculitis and numerous parasite pseudocysts. In
chronic chagasic cardiomyopathy, inflammation, fibrosis, myocytolysis and vasculitis
persist but there are few parasites in the infected tissues. In many chronically infected
individuals there is a dilated cardiomyopathy. In order to understand the mechanisms
Adv Exp Med Biol. Author manuscript; available in PMC 2013 February 05.
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involved in progression of disease and the development of the resulting cardiomyopathy,
many groups have focused their research either on the in vitro infection of cardiac cells with
T. cruzi or through the use of murine models of infection.
Caveolin is a negative regulator of extracellular signal-regulated kinases (ERK) and cyclin
D1.75 Thus, a reduction in the expression of Cav-1 and Cav-3 generally results in the
upregulation of ERK activity and an induction of cyclin D1 expression, which contribute to
cardiac myocyte hypertrophy and ultimately cardiomyopathy. Interestingly, Cav-1 and
Cav-3 null mice as well as the Cav-1/Cav-3 double null mice display a cardiomyopathic
phenotype associated with cardiac myocyte hypertrophy and interstitial fibrosis.76–78 Thus,
it was of great interest that during the acute phase of T. cruzi infection a reduction in the
expression of Cav-1, Cav-2 and Cav-3 was observed. This was accompanied by activation of
ERK, activator protein 1 (AP-1), nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) and increased cyclin D1 expression.79,80 The change in Cav-1 expression in
infected mice was the result in part of infection of the cardiac fibroblasts since cardiac
myocytes do not express Cav-1. At 60 days post-infection, which is considered the subacute/chronic phase, there was a reduction in Cav-3 expression which normalized by day
180 post-infection,81 though the increase in the expression of ERK persisted. Thus, it would
appear that the initial reduction in Cav-3 expression may trigger an increase in ERK, leading
to cardiac myocyte hypertrophy.
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Chagas’ disease is also a vasculopathy and in carotid arteries obtained from T. cruzi infected
mice there was a reduction in the expression of Cav-1 and Cav-3 and activation of ERK,
cyclin D1 and endothelin-1(ET-1).82 These findings may in part explain the vasoconstriction
observed as a result of this infection. T. cruzi infection also results in a reduction of Cav-1
and Cav-2 expression and an increase in activated ERK, cyclin Dl and ET-1.82,83 In
addition, infection of cardiac myocytes results in a reduction of Cav-3 expression and a
concomitant increase in activated ERK (Fig. 2).81 Taken together T. cruzi infection results
in cardiomyopathy and a vasculopathy in which caveolin, ERK, cyclin D1 and ET-1
contribute to cardiovascular remodeling and the pathogenesis of chagasic heart disease.

Author Manuscript

Employing the highly virulent Tulahuen strain of T. cruzi infection, Medina et al84 infected
both Cav-1 wild type and Cav-1 null mice and while the resulting mortality was 100% in
both genetic backgrounds, death was slightly delayed in the wild type mice. The parasitemia
in the Cav-1 null mice was significantly reduced compared with wild type mice. In both
groups there were numerous pseudocysts, myonecrosis and marked inflammation.
Interestingly, infection of cultured cardiac fibroblasts obtained from Cav-1 null and wild
type mice revealed no differences in infectivity. Determination of serum levels of several
inflammatory mediators revealed a significant reduction in IFN-γ, TNF-α and components
of the nitric oxide pathway in infected Cav-1 null mice, while infection of wild type mice
resulted in an increase in these inflammatory mediators. The defective production of
chemokines and cytokines observed in vivo is, in part, attributed to Cav-1 null macrophages.
These results suggest that Cav-1 may play an important role in the normal development of
immune responses. Recently, Barrias et al demonstrated that infection of mouse peritoneal
macrophages with the Y strain of T. cruzi was impaired when cells were treated with
MβCD.85 The contributions of caveolin in Chagas’ disease are not entirely understood and
investigators are continuing to explore these interactions.
Toxoplasma gondii

Toxoplasma gondii is a ubiquitous Apicomplexan obligate intracellular protozoan parasite
of mammals and birds. It has long been recognized as being an important cause of
congenital infection with chorioretinitis and central nervous system manifestations and has
also emerged as an opportunistic pathogen in immune compromised hosts where it primarily
Adv Exp Med Biol. Author manuscript; available in PMC 2013 February 05.
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causes encephalitis.86–88 Although overwhelming disseminated toxoplasmosis has been
reported, the predilection of this parasite for the central nervous system causing necrotizing
encephalitis and the eye causing chorioretinitis constitutes its major threat to patients. The
development of these diseases is a consequence of the transition of the resting or latent
bradyzoite stage to the active rapidly replicating form, the tachyzoite stage.86–87,89–93 It is
likely that in chronic toxoplasmosis tissue cysts (bradyzoites) regularly transform to
tachyzoites and that these active forms are removed or sequestered by the immune system,
while some invade host cells differentiating to new tissue cysts.86,89,90,93
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T. gondii replicates within a parasitophorous vacuole, isolated from host vesicular traffic.94
T. gondii are capable of actively invading host cells95,96 and these invasion processes
require parasite motility, orientation toward the host cell and sequential discharge of three
secretory organelles termed micronemes, rhoptries and dense granules.97,98 Host cell
cholesterol is required for entry and intracellular replication of this and other
pathogens.99–102 Central roles for cholesterol are suggested at the attachment, penetration
and intracellular multiplication stages. Depletion of membrane cholesterol leads to a loss of
invaginated caveolae.103 The predominant sterol in T. gondii membranes is cholesterol and
it has been unequivocally demonstrated that this parasite is auxotrophic for this major
lipid.101 T. gondii actively intercepts low-density lipoprotein (LDL)-derived cholesterol that
has transited through host lysosomes by a yet undefined mechanism. Cholesterol trafficking
from mammalian lysosomes to intravacuolar T. gondii requires functional host Niemann–
Pick type cholesterol proteins (NPC), which are known to mediate cholesterol egress across
the endosomal (mainly NPC1) and lysosomal (mainly NPC2) membranes,104 and trafficking
is independent of pathways involving the host Golgi and endoplasmic reticulum.101 The
uncoupling between LDL uptake and cholesterol biosynthesis occurring during T. gondii
infection101 leads to the assumption that these pathways are dramatically perturbed in
infected cells.
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Caveolae/caveolins have been proposed to function in a number of cholesterol-trafficking
steps. These steps include selective cholesterol uptake from HDL via the scavenger receptor
SR-B1 located in caveolae (cholesterol influx) and the delivery of newly synthesized
cholesterol from the endoplasmic reticulum membrane caveolae, where it is delivered to
HDL (cholesterol efflux).105 However, studies have shown that high levels of host caveolae
vesicles are not needed for trafficking of LDL-derived lysosomal cholesterol to Toxoplasma
in mammalian cells.101 It has been suggested that a probable scenario during T. gondii
infection is that following LDL receptor-mediated endocytosis, cholesterol is liberated from
LDL cholesteryl ester in early hydrolytic compartments containing the enzyme acid lipase.
The cholesterol then effluxes from the NPC-containing late endosome/lysosome before
trafficking to the parasitophorous vacuole. The post-endolysosomal movement of
cholesterol to the parasitophorous vacuole is blocked by inhibitors of vesicular transport but
does not require vesicle fusion or host endolysosome fusion with the parasitophorous
vacuole. Transit to the parasitophorous vacuole is direct, rather than across host organelles,
e.g., endoplasmic reticulum, Golgi101,106 or through the host plasma membranes.107
However, the parasitophorous vacuole is accessible to sterol acceptors in the medium by an
unknown mechanism. Neither the host sterol carriers SCP-2 nor caveolins are involved and
the process is independent of vimentin intermediate filaments. Host cholesterol is delivered
to the parasitophorous vacuole via lipid extractor-or transporter-like proteins on the
parasitophorous vacuole membrane, then trafficked within the vacuolar space, perhaps in
association with the tubulo-vesicular network (TVN) secreted by T. gondii before
internalization into the parasite interior via parasite plasma membrane proteins and storage
as cholesteryl esters in lipid bodies.
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Rhoptries are elongated club-shaped organelles containing a densely packed granular
material in their basal bulbous portion and are related to secretory lysosomes or
exosomes.108 T. gondii rhoptries are formed via the endocytic pathway109 and contribute to
the formation of the Toxoplasma and Plasmodium parasitophorous vacuole membranes
(PVMs) by releasing their contents from the anterior end of the parasite during
invasion.98,110,111 Toxoplasma rhoptries also contain lipids, including large amounts of
cholesterol and phosphatidylcholine.112,113 In these organelles, the cholesterol/phospholipid
molar ratio (1.5/1) is too high for lipid bilayer stability, suggesting that some rhoptry
cholesterol molecules may be organized in a crystalline array inside the organelle. Although
it is plausible that rhoptry cholesterol is incorporated into the PVM during invasion and that
rhoptry discharge can effectively compensate for the absence of caveolae in host cells, this
possibility requires testing.
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The biogenesis of the PVM surrounding Toxoplasma is only partially understood.
Capacitance measurements in patch-clamped host cells indicate that at least 80% of the
membrane in the nascent vacuolar membrane is host cell derived.114 This is consistent with
observations showing that fluorescent tracers inserted into the host plasma membrane before
infection were incorporated into the nascent PVM of Toxoplasma110,115,116 as well as into
the Plasmodium PVM.117 Additionally, multiple lines of evidence suggest that rhoptry
contents contribute directly to formation of the vacuolar membrane.109,110,118–120 These
apparently conflicting observations can be resolved by postulating a two-step process of
invasion. Initial discharge of the rhoptry contents directly into the host cytoplasm leads to
coalescence of multivesicular structures, which then fuse with the nascent vacuole that is
derived primarily from the host cell plasma membrane.121 Whether and how cholesterol
contributes to this unusual process of cell invasion by T gondii is not clear. Studies have
evaluated the ability of cholesterol-depleted parasites to invade normal cells, of cholesteroldepleted cells to be invaded by untreated parasites, as well as the ability of normal parasites
to invade caveolin-minus cells. The results demonstrate that T gondii is dependent upon host
plasma membrane cholesterol to trigger organelle discharge. Neither rhoptry-derived
cholesterol nor caveolae microdomains in the host cell plasma membrane are required to
complete invasion. These results identify a heretofore unexpected mechanism by which
cholesterol regulates microbial entry into mammalian cells.
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Lisanti and colleagues122,123 discovered that purified caveolae microdomains contained an
abundance of signaling molecules, such as Src-like tyrosine kinases and heterotrimeric G
proteins and proposed that Cav-1 and caveolae may serve as docking points for numerous
cell surface receptors, which, when activated by ligand binding, are recruited to
caveolae.122,123 It has been demonstrated that GTPase activity of G protein-subunits could
be suppressed by a peptide derived from the NH2 terminus of Cav-1 termed the caveolin
scaffolding domain, demonstrating the interdependence of these proteins for functional
activity.124 Finally, studies have shown that interaction of the T. gondii-derived molecule
cyclophillin-18 (C-18) with a chemokine receptor (CCR5) on dendritic cells is critical for
IL-12 (a pro-inflammatory mediator) induction in vivo and the subsequent control of
parasite growth.125 Since CCR5 is associated with G-protein-subunits, it is interesting to
consider the possible participation of caveolin in the signaling pathways and transcriptional
events downstream of CCR5 triggered by T gondii.

FUNGI
Although significant efforts have led to an appreciation that sterol-rich membrane domains
significantly impact the function of fungal membranes,126 there is limited information
regarding the role of lipid rafts and caveolae in the pathogenesis of fungal disease in
mammalian hosts. The most in depth analysis of a fungal interaction with cellular membrane

Adv Exp Med Biol. Author manuscript; available in PMC 2013 February 05.

Machado et al.

Page 10

Author Manuscript

rafts comes from a study on Paracoccidioides brasiliensis, a dimorphic fungus endemic in
the environment in Central and South America.125 This fungus causes a spectrum of human
disease ranging from mild localized infection to disseminated deep lesions, characterized by
granulomatous inflammation. P. brasiliensis is frequently acquired via inhalation. Using
epithelial alveolar cells, Maza et al127 demonstrated that host cell lipid rafts are critical for
engaging P. brasiliensis cells. They demonstrated that ganglioside GM1 appeared to be
recruited to the point of adhesion of P. brasiliensis to this host cell. Furthermore,
pretreatment of the alveolar cells with either MβCD to deplete host cell cholesterol, or
nystatin, to bind host cholesterol, significantly reduced fungal adhesion.

Pneumocystis species are frequent pulmonary pathogens in hosts with compromised cellular
immune responses, especially individuals with AIDS and the fungus can intimately engage
Type I alveolar epithelial cells.128 Although Pneumocystis associates with cells, the fungus
is an extracellular pathogen. Nevertheless, the fungus interdigitates with the alveolar cells
and activates caveolae of the host cells, resulting in the close proximity of plasmalamellar
vesicles in the areas of contact. Presumably, this allows the fungus to parasitize the host
cells for nutrients.
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Beta-glucans are major components of many fungal cell walls including that of Candida
albicans, which is the most prevalent cause of systemic mycoses. Beta-glucans from C.
albicans can interact with very long fatty acid-containing lactosylceramide lipid rafts on the
plasma membrane of human neutrophils, inducing migration of the neutrophil toward the
fungus129,130 and, presumably, enhancing phagocytosis of the yeast.

Histoplasma capsulatum, a dimorphic fungus endemic to the Mississippi and Ohio River
Valleys of the USA and in regions within Central and South America, causes pulmonary and
disseminated infections, especially in individuals with compromised immunity. Calcium
binding protein (CBP) is a well known virulence factor for the fungus that recently was
shown to have structural homology with mammalian saposin B.131 Hence, it has been
proposed that CBP may interact with host glycolipids, including those present in caveolae.
This finding underscores the probable broad and yet undiscovered import of caveolae in
interactions with pathogenic fungi. Future work will continue to elucidate the functional
importance of caveolae interactions with fungi during adhesion, internalization and internal
processing.

CONCLUSION
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A growing list of pathogens, including viruses, bacteria and their associated toxins, fungi
and even prions, can interact with caveolae membrane domains.2 The intracellular
trafficking of these agents via caveolae differs dramatically from the usual route of ligands
internalized by clathrin-mediated endocytosis. The use of caveolae for cellular entry allows
the pathogen to avoid classical endosome-lysosome trafficking and, consequently, avoid
degradative compartments within the cell.

Acknowledgments
The work was supported by CNPq and FAPEMIG (FSM), NIH grants AI- 076248 (HBT) NIH Grants AI39454
(LMW) and AI045540 (MEW and Veterans Affairs Merit Review (MEW). Daniel Adesse was supported in part by
a Fogarty Training Grant D43 TW007129 (HBT). This work was also supported in part by a Career Developmental
Award (CDA-2) from the Departments of Veterans Affairs (NER).

Adv Exp Med Biol. Author manuscript; available in PMC 2013 February 05.

Machado et al.

Page 11

References
Author Manuscript
Author Manuscript
Author Manuscript

1. Duncan MJ, Shin J-S, Abraham SN. Microbial entry through caveolae: variations on a theme.
Cellular Microbiol. 2002; 4:783–781.
2. Cohen AW, Hnasko R, Schubert W, et al. Role of caveolae and caveolins in health and disease.
Physiol Rev. 2004; 84:1341–1379. [PubMed: 15383654]
3. Suzuki T, Suzuki Y. Viral infection and lipid rafts. Biol Pharmacol Bull. 2006; 29:1538–1541.
4. Zaas D, Swan Z, Brown BJ, et al. The expanding role of caveolin proteins in microbial
pathogenesis. Commun Integr Biol. 2009; 2:535–537. [PubMed: 20195460]
5. Shin JS, Abraham SN. Caveolae as portals of entry for microbes. Microbes Inf. 2001; 3:755–761.
6. Li J, Scherl A, Medina F, et al. Impaired phagocytosis in caveolin-1 deficient macrophages. Cell
Cycle. 2005; 4:1599–607. [PubMed: 16205123]
7. Medina FA, Williams TM, Sotgia F, et al. A novel role for caveolin-1 in B lymphocyte function and
the development of thymus-independent immune responses. Cell Cycle. 2006; 5:1865–1871.
[PubMed: 16929183]
8. Pelkmans L, Kartenbeck J, Helenius A. Caveolar endocytosis of simian virus 40 reveals a new twostep vesiculartransport pathway to the ER. Nat Cell Biol. 2001; 3:473–483. [PubMed: 11331875]
9. Norkin LC, Anderson HA, Wolfrom SA, et al. Caveolar endocytosis of simian virus 40 is followed
by brefeldin A-sensitive transport to the endoplasmic reticulum, where the virus disassembles. J
Virol. 2002; 76:5156–5166. [PubMed: 11967331]
10. Hawkins BT, Davis TP. The blood-brain barrier/neurovascular unit in health and disease.
Pharmacol Rev. 2005; 57:173–185. [PubMed: 15914466]
11. Abbott NJ, Rönnbäck L, Hansson E. Astrocyte-endothelial interactions at the blood-brain barrier.
Nat Rv Neurosci. 2006; 7:41–53.
12. Weiss JM, Nath A, Major EO, et al. HIV-1 Tat induces monocyte chemoattractant protein-1
mediated monocyte trans migration across a model of the human blood brain barrier and
upregulates CCR5 expression on human monocytes. J Immunol. 1999; 163:2953–2959. [PubMed:
10453044]
13. Zhong Y, Smaet EJ, Weksler B, et al. Caveolin-1 regulates HIV-1 Tat–induced alterations of tight
junction protein expression via modulation of the RAS signaling. J Neurosci. 2008; 28:7788–7796.
[PubMed: 18667611]
14. Munoz N, Castellsague X, de Gonzalez AB, et al. Chapter 1: HPV in the etiology of human cancer.
Vaccine. 2006; 24S3:S1–S10.
15. Baker TS, Newcomb WW, Olson NH, et al. Structures of bovine and human papillomaviruses.
Analysis by cryoelectron microscopy and three-dimensional image reconstruction. Biophys J.
1991; 60:1445–1456. [PubMed: 1663794]
16. Richards RM, Lowy DR, Schiller JT, et al. Cleavage of the papillomavirus minor capsid protein,
L2, at a furin consensus site is necessary for infection. Proc Natl Acad Sci USA. 2006; 103:1522–
1527. [PubMed: 16432208]
17. Kines RC, Thompson CD, Lowy DR, et al. The initial steps leading to papillomavirus infection
occur on the basement membrane prior to cell surface binding. Proc Natl Acad Sci U S A. 2009;
106:20458–20463. [PubMed: 19920181]
18. Bousarghin L, Touze A, Sizaret PY, et al. Human papillomavirus types 16,31 and 58 use different
endocytosis pathways to enter cells. J Virol. 2003; 77:3846–3850. [PubMed: 12610160]
19. Day PM, Lowy DR, Schiller JT. Papillomaviruses infect cells via a clathrin-dependent pathway.
Virology. 2003; 307:1–11. [PubMed: 12667809]
20. Hindmarsh PL, Laimins LA. Mechanisms regulating expression of the HPV 31 L1 and L2 capsid
proteins and pseudovirion entry. Virol J. 2007; 4:19. [PubMed: 17324266]
21. Selinka HC, Giroglou T, Sapp M. Analysis of the infectious entry pathway of human
papillomavirus type 33 pseudovirions. Virology. 2002; 299:279–287. [PubMed: 12202231]
22. Smith JL, Campos SK, Ozbun MA. Human papillomavirus type 31 uses a caveolin 1- and dynamin
2-mediated entry pathway for infection of human keratinocytes. J Virol. 2007; 81:9922–9931.
[PubMed: 17626097]

Adv Exp Med Biol. Author manuscript; available in PMC 2013 February 05.

Machado et al.

Page 12

Author Manuscript
Author Manuscript
Author Manuscript

23. Spoden G, Freitag K, Husmann, et al. Clathrin- and caveolin-interdependent entry of human
papillomavirus typel6- involvement of tetraspanin-enriched microdomains (TEMs). Plos One.
2008; 3:e3313. [PubMed: 18836553]
24. Yan M, Peng J, Jabbar IA, et al. Despite differences between dendritic and Langerhans cells in the
mechanism of papillomavirus- like particle antigen update, both cells cross-prime T-cells.
Virology. 2004; 324:297–310. [PubMed: 15207617]
25. Querbes W, O’Hara BA, Williams G, et al. Invasion of host cells by JC virus identifies a novel role
for caveolae in endosomal sorting of noncaveolar ligands. J Virol. 2006; 80:9402–9413. [PubMed:
16973546]
26. Laniosz V, Dabydeen SA, Havens MA, et al. Human papillomavirus type 16 infection of human
keratinocytes requires clathrin and caveolin-1 and is brefeldin a sensitive. J Virol. 2009; 83:8221–
32. [PubMed: 19494002]
27. Laniosz V, Holthusen KA, Meneses PI. Bovine papillomavirus type 1: from clathrin to caveolin. J
Virol. 2008; 82:6288–6298. [PubMed: 18417596]
28. Smith JL, Campos SK, Wandinger-Ness A, Ozbun. Caveolin-1-dependent infectious entry of
human papillomavirus type 31 in human keratinocytes proceeds to the endosomal pathway for pHdependent uncoating. J Virol. 2008; 82:9505–9512. [PubMed: 18667513]
29. Duncan MJ, Li G, Shin JS, et al. Bacterial penetration of bladder epithelium through lipid rafts. J
Biol Chem. 2004; 279:18944–18951. [PubMed: 14976212]
30. Watson RO, Galán JE. Campylobacter jejuni survives within epithelial cells by avoiding delivery
to lysosomes. PLoS Pathog. 2008; 4:e14. [PubMed: 18225954]
31. Garrean S, Gao XP, Brovkovych V, et al. Caveolin-1 regulates NF-kappaB activation and lung
inflammatory response to sepsis induced by lipopolysaccharide. J Immunol. 2006; 177:4853–
4860. [PubMed: 16982927]
32. Medina FA, de Almeida CJ, Dew E, et al. Caveolin-1-deficient mice show defects in innate
immunity and inflammatory immune response during Salmonella enterica serovar Typhimurium
infection. Infect Immun. 2006; 74:6665–6674. [PubMed: 16982844]
33. Lyczak JB, Cannon CL, Pier GB, et al. Lung infections associated with cystic fibrosis. Clin
Microbiol rev. 2002; 15:194–222. [PubMed: 11932230]
34. Zeitlin PI. Pseudomonas aeruginosa: can studies in engineered cells tell us why is it such a problem
in people with cystic fibrosis? Focus on “Cystic fibrosis transmembrane conductance regulator and
caveolin-1 regulate epithelial cell internalization of Pseudomonas aeruginosa”. Am J Physiol Cell
Physiol. 2009; 297:C235–C237. [PubMed: 19553563]
35. Kowalski MP, Pier G. Localization of cystic fibrosis transmembrane conductance regulator to lipid
rafts of epithelial cells is required for Pseudomonas aeruginosa-induced cellular activation. J
Immunol. 2004; 172:418–425. [PubMed: 14688350]
36. Grassmé H, Becker KA, Zhang Y, et al. Ceramide in bacterial infections and cystic fibrosis. Biol
Chem. 2008; 389:1371–1379. [PubMed: 18783339]
37. Grassmé H, Becker KA, Zhang Y, et al. Ceramide in Pseudomonas aeruginosa infections and
cystic fibrosis. Cell Physiol Biochem. 2010; 26:57–66. [PubMed: 20502005]
38. Pier GB, Grout M, Zaidi TS. Cystic fibrosis transmembrane conductance regulator is an epithelial
cell receptor for clearance of Pseudomonas aeruginosa from the lung. Proc Natl Acad Sci U S A.
1997; 94:12088–12093. [PubMed: 9342367]
39. Abraham SN, Duncan MJ, Li G, et al. Bacterial penetration of the mucosal barrier by targeting
lipid rafts. J Investig Med. 2005; 53:318–321.
40. Bajmoczi M, Gadjeva M, Alper SL, et al. Cystic fibrosis transmembrane conductance regulator
and caveolin-1 regulate epithelial cell internalization of Pseudomonas aeruginosa. Am J Physiol
Cell Physiol. 2009; 297:C263–277. [PubMed: 19386787]
41. Gadjeva M, Paradis-Bleau C, Priebe GP, et al. Caveolin-1 modifies the immunity to Pseudomonas
aeruginosa. J Immunol. 2010; 184:296–302. [PubMed: 19949109]
42. Alvar J, Aparicio P, Aseffa A, et al. The relationship between Leishmaniasis and AIDS: the second
10 years. Clin microbial Rev. 2008; 21:334–359.

Adv Exp Med Biol. Author manuscript; available in PMC 2013 February 05.

Machado et al.

Page 13

Author Manuscript
Author Manuscript
Author Manuscript

43. McConville MJ, Turco SJ, Ferguson MA, et al. Developmental modification of lipophosphoglycan
during the differentiation of Leishmania major promastigotes to an infectious stage. EMBO J.
1992; 11:3593–3600. [PubMed: 1396559]
44. Sacks DL, Pimenta PF, McConville MJ, et al. Stage-specific binding of Leishmania donovani to
the sand fly vector midgut is regulated by conformational changes in the abundant surface
lipophosphoglycan. J Exp Med. 1995; 181:685–697. [PubMed: 7836922]
45. Yao C, Chen Y, Sudan B, et al. Leishmania chagasi: homogenous metacyclic promastigotes
isolated by buoyant density are highly virulent in a mouse model. Exp Parasitol. 2008; 118:129–
133. [PubMed: 17706646]
46. Bogdan C, Rollinghoff M. How do protozoan parasites survive inside macrophages? Parasitol
Today. 1999; 15:22–28. [PubMed: 10234174]
47. Galvao-Quintao L, Alfieri SC, Ryter A. Intracellular differentiation of Leishmania amazonensis
promastigotes to amastigotes: presence of megasomes, cysteine proteinase activity and
susceptibility to leucine-methyl ester. Parasitology. 1990; 101(Pt 1):7–13. [PubMed: 2235078]
48. Wilson ME, Innes DJ, Sousa AD. Early histopathology of experimental infection with Leishmania
donovani in hamsters. J Parasitol. 1987; 73:55–63. [PubMed: 3572666]
49. Barral A, Barral-Netto M, Yong EC, et al. Transforming growth factor β as a virulence mechanism
for Leishmania braziliensis. Proc Natl Acad Sci U S A. 1993; 90:3442–3446. [PubMed: 7682701]
50. Channon JY, Roberts MB, Blackwell JM. A study of the differential respiratory burst activity
elicited by promastigotes and amastigotes of Leishmania donovani in murine resident peritoneal
macrophages. Immunology. 1984; 53:345–355. [PubMed: 6490087]
51. Gantt KR, Schultz-Cherry S, Rodriguez N, et al. Activation of TGF-β by Leishmania chagasi:
importance for parasite survival in macrophages. J Immunol. 2003; 70:2613–2620. [PubMed:
12594289]
52. Meier CL, Svensson M, Kaye PM. Leishmania-induced inhibition of macrophage antigen
presentation analyzed at the single-cell level. J Immunol. 2003; 171:6706–6713. [PubMed:
14662874]
53. Nandan D, Lo R, Reiner NE. Activation of phosphotyrosine phosphatase activity attenuates
mitogen-activated protein kinase signaling and inhibits c-FOS and nitric oxide synthase expression
in macrophages infected with Leishmania donovani. Infect Immun. 1999; 67:4055–4063.
[PubMed: 10417174]
54. Pearson RD, Harcus JL, Roberts D, et al. Differential survival of Leishmania donovani amastigotes
in human monocytes. J Immunol. 1983; 131:1994–1999. [PubMed: 6619546]
55. Gordon S. Alternative activation of macrophages. Nat Rev Immunol. 2003; 3:23–35. [PubMed:
12511873]
56. Martinez FO, Sica A, Mantovani A, et al. Macrophage activation and polarization. Front Biosci.
2008; 13:453–461. [PubMed: 17981560]
57. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat Rev
Immunol. 2008; 8:958–969. [PubMed: 19029990]
58. Rodriguez NE, Chang HK, Wilson ME. Novel program of macrophage gene expression induced by
phagocytosis of Leishmania chagasi. Infect Immun. 2004; 72:2111–2122. [PubMed: 15039333]
59. Rodriguez NE, Gaur U, Wilson ME. Role of caveolae in Leishmania chagasi phagocytosis and
intracellular survival in macrophages. Cell Microbiol. 2006; 8:1106–1120. [PubMed: 16819964]
60. Naroeni A, Porte F. Role of cholesterol and the ganglioside GM(1) in entry and short-term survival
of Brucella suis in murine macrophages. Infect Immun. 2002; 70:1640–1644. [PubMed:
11854258]
61. Rohde M, Muller E, Chhatwal GS, et al. Host cell caveolae act as an entry-port for group A
streptococci. Cell Microbiol. 2003; 5:323–342. [PubMed: 12713491]
62. Brittingham A, Chen G, McGwire BS, et al. Interaction of Leishmania gp63 with cellular receptors
for fibronectin. Infect Immun. 1999; 67:4477–4484. [PubMed: 10456889]
63. Harris J, Werling D, Hope JC, et al. Caveolae and caveolin in immune cells: distribution and
functions. Trends Immunol. 2002; 23:158–164. [PubMed: 11864845]

Adv Exp Med Biol. Author manuscript; available in PMC 2013 February 05.

Machado et al.

Page 14

Author Manuscript
Author Manuscript
Author Manuscript

64. Wilson ME, Pearson RD. Roles of CR3 andmannose receptors in the attachment and ingestion of
Leishmania donovani by human mononuclear phagocytes. Infect Immun. 1988; 56:363–369.
[PubMed: 2962944]
65. Wozencraft AO, Blackwell JM. Increased infectivity of stationary-phase promastigotes of
Leishmania donovani: correlation with enhanced C3 binding capacity and CR3-mediated
attachment to host macrophages. Immunology. 1987; 60:559–563. [PubMed: 2953670]
66. Ueno N, Bratt CL, Rodriguez NE, et al. Differences in human macrophage receptor usage,
lysosomal fusion kinetics and survival between logarithmic and metacyclic Leishmania infantum
chagasi promastigotes. Cell Microbiol. 2009; 11:1827–1841. [PubMed: 19702651]
67. Kima PE. The amastigote forms of Leishmania are experts at exploiting host cell processes to
establish infection and persist. Int J Parasitol. 2007; 37:1087–1096. [PubMed: 17543969]
68. McConville MJ, de Souza D, Saunders E, et al. Living in a phagolysosome; metabolism of
Leishmania amastigotes. Trends Parasitol. 2007; 23:368–375. [PubMed: 17606406]
69. Naderer T, McConville MJ. The Leishmania-macrophage interaction: a metabolic perspective. Cell
Microbiol. 2008; 10:301–308. [PubMed: 18070117]
70. Tanowitz HB, Machado FS, Jelicks LA, et al. Perspectives on Trypanosoma cruzi-induced heart
disease (Chagas disease). Prog Cardiovasc Dis. 2009; 51:524–539. [PubMed: 19410685]
71. Vaidian AK, Weiss LM, Tanowitz HB. Chagas’ disease and AIDS. Kinetoplastid Biol Dis. 2004;
13;3(1):2.
72. Sartori AM, Ibrahim KY, Nunes Westphalen EV, et al. Manifestations of Chagas disease
(American trypanosomiasis) in patients with HIV/AIDS. Ann Trop Med Parasitol. 2007; 101(1):
31–50. [PubMed: 17244408]
73. Huang H, Chan J, Wittner M, et al. Expression of cardiac cytokines and inducible form of nitric
oxide synthase (NOS2) in Trypanosoma cruzi-infected mice. J Mol Cell Cardiol. 1999; 31:75–88.
[PubMed: 10072717]
74. Machado FS, Souto JT, Rossi MA, et al. Nitric oxide synthase-2 modulates chemokine production
by Trypanosoma cruzi-infected cardiac myocytes. Microbes Infect. 2008; 10:1558–1566.
[PubMed: 18951994]
75. Hulit J, Bash T, Fu M, et al. The cyclin D1 gene is transcriptionally repressed by caveolin-1. J Biol
Chem. 2000; 275:21203–21209. [PubMed: 10747899]
76. Cohen AW, Park DS, Woodman SE, et al. Caveolin-1 null mice develop cardiac hypertrophy with
hyperactivation of p42/44 MAP kinase in cardiac fibroblasts. Am J Physiol Cell Physiol. 2003;
284:C457–474. [PubMed: 12388077]
77. Park DA, Woodman SE, Schubert W, et al. Caveoilin-1/3 double knockout mice are viable, but
lack both muscle and nonmuscle caveolae and develop a severe cardiomyopathic phenotype. Am J
Pathol. 2002; 160:2207–2217. [PubMed: 12057923]
78. Woodman SE, Park DS, Cohen AW, et al. Caveolin-3 Knock-out Mice Develop a Progressive
Cardiomyopathy and Show Hyper-activation of the p42/44 MAP kinase cascade. J Biol Chem.
2002; 277:38988–38997. [PubMed: 12138167]
79. Nagajyothi F, Desruisseaux M, Bouzahzah B, et al. Cyclin and caveolin expression in an acute
model of murine Chagasic myocarditis. Cell Cycle. 2006; 5:107–112. [PubMed: 16319533]
80. Huang H, Petkova SB, Cohen AW, et al. Activation of Transcription factors (AP-1 and NF-κB in
Murine Chagasic Myocarditis. Activation of transcription factors AP-1 and NF-κB in murine
Chagasic myocarditis. Infect Immun. 2003; 71:2859–2567. [PubMed: 12704159]
81. Adesse D, Lisanti MP, Spray DC, et al. Trypanosoma cruzi infection results in the reduced
expression of caveolin-3 in the heart. Cell Cycle. 2010; 9:1639–1649. [PubMed: 20372051]
82. Hassan GS, Mukherjee S, Nagajyothi F, et al. Trypanosoma cruzi infection induces proliferation of
vascular smooth muscle cells. Infect Immun. 2006; 74:152–159. [PubMed: 16368968]
83. Mukherjee S, Huang H, Petkova SB, et al. Trypanosoma cruzi infection activates extracellular
signal-regulated kinase in cultured endothelial and smooth muscle cells. Infect Immun. 2004;
72:5274–5282. [PubMed: 15322023]
84. Medina FA, Cohen AW, de Almeida CJ, et al. Immune dysfunction in caveolin-1 null mice
following infection with Trypanosoma cruzi (Tulahuen strain). Microbes Infect. 2007; 9:325–333.
[PubMed: 17317261]
Adv Exp Med Biol. Author manuscript; available in PMC 2013 February 05.

Machado et al.

Page 15

Author Manuscript
Author Manuscript
Author Manuscript

85. Barrias ES, Dutra JM, De Souza W, et al. Participation of macrophage membrane rafts in
Trypanosoma cruzi invasion process. Biochem Biophys Res Commun. 2007; 363:828–834.
[PubMed: 17904520]
86. Weiss, LM.; Kim, K., editors. The Model Apicomplexan: Perspectives and Methods. London:
Academic Press; 2007. Toxoplasma gondii.
87. Wong SY, Remington JS. Biology of Toxoplasma gondii. AIDS. 1993; 7(3):299–316. [PubMed:
8471191]
88. Luft BJ, Hafner R, Korzun AH, et al. Toxoplasmic encephalitis in patients with the acquired
immunodeficiency syndrome. N Engl J Med. 1993; 329:995–1000. [PubMed: 8366923]
89. Frenkel JK, Escajadillo A. Cyst ruptureas a pathogenic mechanism of toxoplasmic encephalitis.
Am J Trop Med Hyg. 1987; 36:517–522. [PubMed: 3578650]
90. Ferguson DJ, Hutchison WM, Pettersen E. Tissue cyst rupture in mice chronically infected with
Toxoplasma gondii. An immunocytochemical and ultrastructural study. Parasitol Res. 1989;
75:599–603. [PubMed: 2771928]
91. Weiss LM, Kim K. The development and biology of bradyzoites of Toxoplasma gondii. Front
Biosci. 2000; 5:D391–405. [PubMed: 10762601]
92. Dubey JP. Advances in the life cycle of Toxoplasma gondii. Int J Parasitol. 1998; 28:1019–1024.
[PubMed: 9724872]
93. Dubey JP, Lindsay DS, Speer CA. Structures of Toxoplasma gondii tachyzoites, bradyzoites and
sporozoites and biology and development of tissue cysts. Clin Microbiol Rev. 1998; 11:267–99.
[PubMed: 9564564]
94. Joiner KA, Fuhrman SA, Mietinnen H, et al. Toxoplasma gondii: fusion competence of
parasitophorous vacuoles in Fc receptor transfected fibroblasts. Science. 1990; 249:641–646.
[PubMed: 2200126]
95. Dobrowolski JM, Sibley LD. Toxoplasma invasion of mammalian cells is powered by the actin
cytoskeleton of the parasite. Cell. 1996; 84:933–939. [PubMed: 8601316]
96. Dobrowolski JM, Carruthers VB, Sibley LD. Participation of myosin in gliding motility and host
cell invasion by Toxoplasma gondii. Mol Microbiol. 1997; 26:163–173. [PubMed: 9383198]
97. Dubremetz JF, Achbarou A, Bermudes D, et al. Kinetics and pattern of organelle exocytosis during
Toxoplasma gondii/host-cell interaction. Parasitol Res. 1993; 79:402–408. [PubMed: 8415546]
98. Carruthers VB, Sibley LD. Sequential protein secretion from three distinct organelles of
Toxoplasma gondii accompanies invasion of human fibroblasts. Eur J Cell Bio. 1997; 73:114–123.
[PubMed: 9208224]
99. Norkin LC. Caveolae in the uptake and targeting of infectious agents and secreted toxins. Adv
Drug Deliv Rev. 2001; 49:301–315. [PubMed: 11551401]
100. Samuel BU, Mohandas N, Harrison T, et al. The role of cholesterol and
glycosylphosphatidylinositol-anchored proteins of erythrocyte rafts in regulating raft protein
content and malarial infection. J Biol Chem. 2001; 276:29319–29329. [PubMed: 11352913]
101. Coppens I, Sinai AP, Joiner KA. Toxoplasma gondii exploits host low density lipoprotein
receptor-mediated endocytosis for cholesterol acquisition. J Cell Biol. 2000; 149:167–180.
[PubMed: 10747095]
102. Charron AJ, Sibley LD. Host cells: mobilizable lipid resources for the intracellular parasite
Toxoplasma gondii. J Cell Sci. 2002; 115:3049–3059. [PubMed: 12118061]
103. Chang WJ, Rothberg KG, Kamen BA, et al. Lowering the cholesterol content of MA104 cells
inhibits receptor-mediated transport of folate. J Cell Biol. 1992; 118:63–69. [PubMed: 1618907]
104. Sleat DE, Wiseman JA, El-Banna M, et al. Genetic evidence for nonredundant functional
cooperativity between NPC1 andNPC2 in lipid transport. Proc Natl Acad Sci U S A. 2004;
101:5886–5891. [PubMed: 15071184]
105. Ikonen E, Heino S, Lusa S. Caveolins and membrane cholesterol. Biochem Soc Trans. 2004;
32:121–123. [PubMed: 14748728]
106. Coppens I, Vielemeyer O. Insights into unique physiological features of neutral lipids in
Apicomplexa: from storage to potential mediation in parasite metabolic activities. Int J Parasitol.
2005; 35:5.

Adv Exp Med Biol. Author manuscript; available in PMC 2013 February 05.

Machado et al.

Page 16

Author Manuscript
Author Manuscript
Author Manuscript

107. Sehgal A, Bettio S, Pypaert M, et al. Peculiarities of host cholesterol transport to the unique
intracellular vacuole containing Toxoplasma. Traffic. 2005; 6:1125–1141. 97–615. [PubMed:
16262724]
108. Que X, Ngo H, Lawton J, et al. The cathepsin B of Toxoplasma gondii, toxopain-1, is critical for
parasite invasion and rhoptry protein processing. J Biol Chem. 2002; 277:25791–25797.
[PubMed: 12000756]
109. Hoppe H, Ngo HM, Yang M. Targeting to rhoptry organelles of Toxoplasma gondii involves
evolutionarily conserved mechanisms. Nat Cell Biol. 2001; 2:449–456. [PubMed: 10878811]
110. Nichols BA, Chiappino ML, O’Connor GR. Secretion from the rhoptries of Toxoplasma gondii
during host-cell invasion. J Ultrastruct Res. 1983; 83:85–98. [PubMed: 6854716]
111. Porchet-Hennere E, Torpier G. Relations entre Toxoplasma et sa cellule-hote. Protistologica.
1983; 19:357–370.
112. Foussard F, Leriche MA, Dubremetz JF. Characterization of the lipid content of Toxoplasma
gondii rhoptries. Parasitology. 1992; 102:367–370. [PubMed: 1866182]
113. Coppens I, Joiner KA. Host but not parasite cholesterol controls Toxoplasma cell entry by
modulating organelle discharge. Mol Biol Cell. 2003; 14:3804–3820. [PubMed: 12972565]
114. Suss-Toby E, Zimmerberg J, Ward GE. Toxoplasma invasion: the parasitophorous vacuole is
formed from host cell plasma membrane and pinches off via a fission pore. Proc Natl Acad Sci U
S A. 1996; 93:8413–8418. [PubMed: 8710885]
115. Mordue DG, Desai N, Dustin M, et al. Invasion by Toxoplasma gondii establishes a moving
junction that selectively excludes host cell plasma membrane proteins on the basis of their
membrane anchoring. J Exp Med. 1999; 190:1783–1792. [PubMed: 10601353]
116. Mordue DG, Hakansson S, Niesman I, et al. Toxoplasma gondii resides in a vacuole that avoids
fusion with host cell endocytic and exocytic vesicular trafficking pathways. Exp Parasitol. 1999;
92:87–99. [PubMed: 10366534]
117. Ward GE, Miller LH, Dvorak JA. The origin of parasitophorous vacuole membrane lipids in
malaria-infected erythrocytes. J Cell Sci. 1993; 106:237–248. [PubMed: 8270628]
118. Aikawa M, Komata Y, Asai T, et al. Transmission and scanning electron microscopy of host cell
entry by Toxoplasma gondii. Am J Pathol. 1977; 87:285–296. [PubMed: 851168]
119. Bannister LH, Mitchell GH, Butcher GA, et al. Lamellar membranes associated with rhoptries in
erythrocytic merozoites of Plasmodium knowlesi: a clue to the mechanism of invasion.
Parasitology. 1986; 92:291–303. [PubMed: 2423944]
120. Beckers CJ, Dubremetz JF, Mercereau-Puijalon O, et al. The Toxoplasma gondii rhoptry protein
ROP 2 is inserted into the parasitophorous vacuole membrane, surrounding the intracellular
parasite and is exposed to the host cell cytoplasm. J Cell Biol. 1984; 127:947–961. [PubMed:
7962077]
121. Hakansson S, Charron AJ, Sibley LD. Toxoplasma vacuoles: a two-step process of secretion and
fusion forms the parasitophorous vacuole. EMBO J. 2001; 20:3132–3144. [PubMed: 11406590]
122. Lisanti MP, Scherer PE, Vidugiriene J, et al. Characterization of caveolin-rich membrane
domains isolated from an endothelial-rich source: implications for human disease. J Cell Bio.
1994; 126:111–126. [PubMed: 7517942]
123. Sargiacomo M, Sudol M, Tang ZL, et al. Signal transducing molecules and GPI-linked proteins
form a caveolin-rich insoluble complex in MDCK cells. J Cell Biol. 1993; 122:789–807.
[PubMed: 8349730]
124. Li S, Okamoto T, Chun M, et al. Evidence for a regulated interaction of hetero-trimeric G
proteins with caveolin. J Biol Chem. 1995; 270:15693–15701. [PubMed: 7797570]
125. Wachtler V, Balasubramanian MK. Yeast lipid rafts? —an emerging view. Rends Cell Biol.
2006; 6:1–4.
126. Aliberti J, Reis e Sousa C, Schito M, et al. CCR5 provides a signal for microbial induced
production of IL-12 by CD8α+ dendritic cells. Nat Immunol. 2000; 1:83–87. [PubMed:
10881180]
127. Mazza PK, Straus AH, Toledo MS, et al. Interaction of epithelial cell membrane rafts with
Paracoccidioides brasiliensis leads to fungal adhesion and Src-family kinase activation. Microbes
Infect. 2008; 10:540–547. [PubMed: 18403242]
Adv Exp Med Biol. Author manuscript; available in PMC 2013 February 05.

Machado et al.

Page 17

Author Manuscript

128. Settnes OP, Nielsen MJ. Host-parasite relationship in Pneumocystis carinii infection: activation of
the plasmalemmal vesicular system in type I alveolar epithelial cells. J Protozool. 1991;
38:174S–176S. [PubMed: 1818155]
129. Iwabuchi K, Prinetti A, Sonnino S, et al. Involvement of very long fatty acid-containing
lactosylceramide in lactosylceramide-mediated superoxide generation and migration in
neutrophils. Glycoconj J. 2008; 25:357–374. [PubMed: 18041581]
130. Sato T, Iwabuchi K, Nagaoka I, et al. Induction of human neutrophil chemotaxis by Candida
albicans-derived β-1,6-long glycoside side-chain-branched β-glucan. J Leukoc Biol. 2006;
80:204–211. [PubMed: 16670126]
131. Beck MR, Dekoster GT, Cistola DP, et al. NMR structure of a fungal virulence factor reveals
structural homology with mammalian saposin B. Mol Microbiol. 2009; 72:344–353. [PubMed:
19298372]

Author Manuscript
Author Manuscript
Adv Exp Med Biol. Author manuscript; available in PMC 2013 February 05.

Machado et al.

Page 18

Author Manuscript
Figure 1.

Author Manuscript

Intracellular L. i. chagasi colocalizes with caveolin-1. Bone marrow macrophages were
infected with carboxy-fluorescein diacetate succinimidyl (CFSE) labeled L. i. chagasi
promastigotes (green). Macrophage and parasite DNA was stained with TO-PRO-3 (blue).
Confocal microscopy was used to assess colocalization of markers at serial time points.
Caveolin-1 (red) clustered at the entry site of L. i. chagasi promastigotes and remained
associated with parasites for 24 to 48 hours after infection. Shown is a picture taken at 24
hours of infection. Scale bar: 5 μm. A color version of this image is available online at
www.landesbioscience.com/curie. Reproduced with permission from Adesse et al. Cell
Cycle 2010; 9:1639–1649.81
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Figure 2.

Caveolin-3 (Cav-3) expression is diminished after Trypanosoma cruzi infection: Cardiac
myocytes were isolated from mouse embryos and infected with trypomastigotes. Confocal
microscopy showed that uninfected cultures displayed abundant Cav-3 immunoreactivity
(A), including peripheral staining. Cav-3 signal was reduced among highly parasitized
myocytes (B) and was present predominantly at the cell periphery. DNA staining by DAPI
permitted visualization of host cell nucleus and the amastigote kinetoplastid DNA. Bars = 20
mm. Reproduced with permission from Adesse et al. Cell Cycle 2010; 9:1639–1649.81
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Summary of papillomavirus entry pathways
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HPV Type

Pathway Identified

Methods Used

Ref.

BPV1

clathrin mediated entry, shuttling from
endosomes to caveosomes

biochemical inhibitors, colocalization studies, caveolin1
shRNA, dominant negative Cav-1, 293 cells, pseudovirions

27

BPV1/HPV16

clathrin mediated entry

biochemical inhibitors, colocalization studies, C127 cells,
virions and VLPs

19

HPV16

clathrin/caveolae independent, lipid raft
independent, dynamin independent, tetraspanins
involved

siRNA KO of clathrin, cav1, dynamin and tetraspanins,
biochemical inhibitors, caveolin −/− cells, dominant negative
inhibitors 293TT and HELA cells, pseudovirions

23

HPV16

clathrin mediated entry, shuttling from
endosomes to caveosomes

biochemical inhibitors, colocalization studies, caveolinl
shRNA, HaCaT cells, pseudovirions

26

HPV16/HPV31

clathrin mediated entry (HPV16), caveolar uptake
(HPV31)

biochemical inhibitors, dominant negative inhibitors, HaCaT
cells, pseudovirions

22

HPV16/HPV31

clathrin mediated entry

biochemical inhibitors, 293TT and COS7 cells,
pseudovirions

20

HPV31

Caveolar mediated uptake, Rab5 mediated
shuttling to endosome

biochemical inhibitors, colocalization studies, dominant
negative Rab5, HaCaT cells, pseudovirions

28

HPV16/31 and 58

clathrin mediated entry (HPV16 and 58) caveolar
uptake (HPV31)

biochemical inhibitors colocalization studies, COS7 cells,
VLPs and pseudovirions

18

HPV33

noncaveolar uptake

biochemical inhibitors, COS7 and HELA cells, pseudovirions

21
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